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Abstract
The electronic structure and the Fermi surfaces are investigated for iso-electronic compounds
NiSbS and PdBiSe, based on the band structure calculations. A mineral ullmannite NiSbS
belongs to the tetrahedral class T , which is the lowest symmetry class of the isometric (cubic)
system and the space group is the same as MnSi. It is a non-symmorphic cubic chiral structure.
Totally 4 hole and 4 electron Fermi surfaces are obtained, which are not degenerated by spin,
due to the lack of the space inversion symmetry. The electronic band structure and the topology
of the Fermi surfaces of both compounds are very similar, but the magnitudes of the splitting
of the Fermi surfaces are quite diﬀerent. The large spin-splitting in PdBiSe is mainly caused
by the strong spin-orbit interaction of Bi 6p electrons.
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1 Introduction
A variety of physical properties in crystals are produced by the interplay between electrons
on the speciﬁc atomic arrangement. A mineral ullmannite NiSbS belongs to the tetrahedral
class T [1], as the crystal structure is shown in Fig. 1. This is the lowest symmetry class of
the isometric (cubic) system. Other ternary compound minerals called changchengite (IrBiS),
gersdorﬃte (NiAsS), michenerite (PdBiTe) and padmaite (PdBiSe) are know belonging to the
same space group #198 (P213, T
4), which is the same as for the famous MnSi showing non-
Fermi liquid behaviour [2]. In contrast to the unique magnetic properties realized in MnSi,
most of the ternary ullmannite-type compounds are reported as superconducting [3, 4].
This space group contains only 4 three fold rotational axes and 3 two fold screw axes without
space inversion symmetry, so it may be called as ”a non-symmorphic cubic chiral structure”.
Such the unique symmetry brings both the supplementary degeneracy and the spin-splitting
in each electronic state. The screw axes cause the supplementary degeneracy on the Brillouin
zone boundary. On the contrary, the lack of the space inversion symmetry lifts the degeneracy
due to the spin degree of freedom in each electronic state.
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Figure 1: Crystal structure of ullmannite NiSbS. The space group is #198 (P213, T
4), which
belongs to cubic system.
Recently, very good single crystals of ullmannite-type structure, PdBiSe and NiSbS are
synthesized and the Fermi surface properties are investigated by de Haas-van Alphen (dHvA)
eﬀect by Y. Onuki et al [5, 6]. Therefore, the electronic structure and the Fermi surfaces are
calculated for both the compounds. The dHvA results are well reproduced by the calculated
Fermi surfaces. The topology of the Fermi surfaces of both compounds is very similar, but
the magnitudes of the splitting, caused by the parity violation, of the Fermi surfaces are quite
diﬀerent.
2 Method of Calculations
Band structure calculations are performed based on an FLAPW (full potential linear augmented
plane wave) method with a local density approximation. The relativistic eﬀect is considered
by using the technique proposed by Koelling and Harmon [7]. The spin-orbit interaction is
included based on the second variational procedure for valence electrons. The spin-orbit cou-
pling constant is often written as ξ =

2
2m2c2
1
r
∂V (r)
∂r
, where m is a electron rest mass,  the
Planck constant divided by 2π, c the speed of light, V (r) central force potential from the atomic
nucleus. However, m should be replace by the relativistic mass: M = m+
E − V (r)
2c2
[7], where
E is the energy of the electron. In this paper, we use ξ =

2
2M2c2
1
r
∂V (r)
∂r
, so ξ shows strong
energy dependence through both the base functions and the relativistic mass M . Such the
energy dependence is considered well in the linear method proposed by Takeda and Ku¨bler [8],
which is adopted in our code. It is found that the eﬀect of the relativistic mass correction is
not negligible in Bi 6p electrons, and necessary to obtain the proper size of the spin-splitting
for the Fermi surfaces in PdBiSe [5].
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Figure 2: The calculated band structures in the vicinity of the Fermi level denoted by EF for
NiSbS (left) and PdBiSe (right).
In the calculations, we use the lattice parameters obtained by using single crystals [5, 6].
Core electrons (Ne-core plus 3s2 electrons for Ni, Kr-core for Sb, Ne-core for S; Ar-core plus
4s23d10 electrons for Pd, Xe-core plus 4f14 electrons for Bi, Ar-core plus 3d10 electrons for Se)
are calculated inside the Muﬃn-Tin spheres in each self-consistent step. 3p6 electrons on Ni
and 4d10 electrons on Sb for NiSbS (4p6 on Pd and 5d10 in Bi for PdBiSe) are calculated as
valence electrons by using a second energy window. The LAPW basis functions are truncated at
|k+Gi| ≤ 6.15×2π/a corresponding 949 LAPW functions. The sampling points are uniformly
distributed in the irreducible 1/12th of the Brillouin zone, 451 k-points for the ﬁnal results.
In the energy band structure for non-centrosymmetric compounds, the spin-degeneracy is
lifted in general, which is called parity violation splitting [9]. By using our code, split Fermi sur-
faces have been calculated for many compounds, i.e. Yb4Sb3 [10], LaPt3Si [11, 12] LaTGe3(T
=Co, Rh, Ir) [13], LaRhSi3 [14], LaNiC2 [15], VSi2 [16, 17], NbSi2 [17] and TaSi2 [16, 18]. In
these compounds, the dHvA measurements clearly show the splitting of the Fermi surfaces.
Then the magnitudes of the splitting are well reproduced by the calculations, though the rela-
tivistic mass correction has not been considered in those calculations.
3 Results
NiSbS and PdBiSe are iso-electronic, then the similar electronic structure and the Fermi surfaces
are expected. As seen in Fig. 2, the calculated band structures are similar each other. The
bands consisting mainly of Sb 5p (Bi 6p) and S 3p (Se 4p) electrons are lying the Fermi level.
Note that there are two inequivalent Z-axes due to the lack of four fold symmetry axis. The
parity violation, due to the lack of the space inversion symmetry, causes the spin-splitting in
each band. The magnitude of the splitting is quite diﬀerent for NiSbS and PdBiSe, as can be
seen in the Figs. 2 and 3 (b) and (d).
First, we discuss about the supplementary degeneracy on the boundary of the Brillouin zone,
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Figure 3: The calculated band structures along the T, Z, and Δ axis for NiSbS without the spin-
orbit interaction (a) and with the spin-orbit interaction (b), and PdBiSe without the spin-orbit
interaction (c) and with the spin-orbit interaction (d).
including the Z, T and S axes. Due to the presence of the screw symmetry, each electronic state
is degenerated on the whole plane of the boundary, as shown in Fig. 3 (a) and (c). Each
electronic state is degenerated by the spin-degree of freedom, therefore, totally four states are
degenerated on the zone boundary when the spin-orbit interaction is not considered. Especially
at the R points, eight states are degenerated, as seen in Fig. 3 (a) and (c).
Nest, the spin-orbit interactions is introduced, then each electronic state splits to two states
due to the parity violation (no space inversion symmetry with the spin-orbit interaction), as
shown in Fig. 3 (b) and (d). Even with the spin-orbit interaction, the degeneracy remains in
some points, e.g. the Γ, X, R and M points. Moreover, all the states on the zone boundary are
doubly degenerated.
The spin-splitting is not large, so that eight states are roughly degenerated at the R points
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Figure 4: The calculated Fermi surfaces of NiSbS.
(octal degeneracy). The ullmanite-type structure contains four formula of NiSbS or PdBiSe
in the primitive unit cell. Therefore, it can be metallic or insulating. The number of valence
electrons of NiSbS is 21, i.e. 10 (3d84s2) electrons on Ni, 5 (5s25p3) electrons on Sb, 6 (3s23p4)
electrons on S, (4d10 on Pd, 6s26p3 on Bi, 4s24p4 on Se) so totally 84 electrons are in the
primitive unit cell; the even number of electrons for a compensated metal or an insulator.
However, as the octal degeneracy at the R points, NiSbS could not become an insulator, but a
compensated metal. (84 cannot be divided by 8) Then there are eight Fermi surfaces, as shown
in Fig. 4, which are not degenerated by the spin-degree of freedom. Note that 4× (6+10) = 64
electrons are also calculated as semi-core electrons, so that there are 148 electrons in total. As
mentioned before, there remains double degeneracy on the Brillouin zone boundary, so a couple
of the Fermi surfaces on the boundary are similar each other. Fermi surfaces for PdBiSe in
Fig. 5 are similar to those of NiSbS, reﬂecting the iso-electronic property.
Inside the Brillouin zone, all electronic states are not degenerated except the Γ point. The
magnitude of the spin-splitting in PdBiSe is much larger than that in NiSbS, as shown in
FIg. 3. Such the diﬀerence is clear even in the closed Fermi surfaces around the Γ points in the
149th and 150th bands. To estimate the magnitude, the splitting energy Δε =
e
m∗c
|F+ − F−|
is calculated [6], where F± are the external cross sectional areas, m∗c a cyclotron mass. Then
Δε for the closed Fermi surfaces around the Γ point is obtained as 200 ∼ 300 K for NiSbS and
1050 ∼ 1150 K for PdBisSe. These values has been conﬁrmed by the dHvA measurement [6].
The splitting is 4 ∼ 5 times larger in PdBiSe than in NiSbS.
The splitting of non-centrosymmetrc compounds originates in three factors; the ratio be-
tween the spin-orbit interactions in atom and crystalline electric ﬁeld, the mixing ratio between
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Figure 5: The calculated Fermi surfaces of PdBiSe.
wave functions with diﬀerent parity, and the inter-atomic mixing. Now, the splitting mainly
consisting of 6p on Bi and 4p on Se electrons is much larger than that of 5p on Sb and 3p on S
electrons. This is mainly due to the larger spin-orbit interactions of 6p on Bi and 4p on Se [5].
4 Conclusion
The band structure and Fermi Surfaces are calculated for the ullmannite-type structure com-
pounds NiSbS and PdBiSe. Due to the degeneracy at the R points coming from the symmetry,
NiSbS and PdBiSe should become a compensated metal, then there are 4 hole Fermi surfaces
and 4 electron Fermi surfaces in each compound. Reﬂecting the iso-electronic property, the
electronic structure and the Fermi surfaces are very similar each other. The magnitudes of the
spin-splitting due to the lack of the inversion symmetry are estimated and it is found that the
splitting is 4 ∼ 5 times larger in PdBiSe than in NiSbS. It is interesting to see the detailed spin
structures of the Fermi surfaces in this non-symmorphic cubic chiral structure, as obtained in
some compounds [19], which is now under investigation.
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